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Abstract
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Glucocorticoid hormones are particularly potent with respect to enhancing memory
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formation. Notably, this occurs in close synergy with arousal (i.e., when norepinephrine levels are enhanced). In the present study, we examined whether glucocorticoid
and norepinephrine hormones regulate the number of spines in hippocampal primary
neurons. We report that brief administration of corticosterone or the β-adrenergic
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receptor agonist isoproterenol alone increases spine number. This effect becomes
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hormones are administered together. The effects of co-application of corticoster-

particularly prominent when corticosterone and isoproterenol are administered together. In parallel, corticosterone and isoproterenol alone increased the amplitude of
miniature excitatory postsynaptic currents, an effect that is not amplified when both
one and isoproterenol on spines could be prevented by blocking the glucocorticoid
receptor antagonist RU486. Taken together, both corticosterone and β-adrenergic
receptor activation increase spine number, and they exert additive effects on spine
number for which activation of glucocorticoid receptors is permissive.
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lower affinity glucocorticoid receptors (GRs), which are both present

1 | I NTRO D U C TI O N

at high levels in the hippocampal formation.1,2
Activation of MRs and GRs regulates various cellular functions

During stress exposure, norepinephrine (NE) is rapidly released by

via genomic and non-genomic actions.3 In this way, stress promotes

presynaptic terminals from neurons that originate from the locus

behavioural adaptation to stressful experiences.2,4 By enhancing ha-

coeruleus. Consequently, NE is released in brain regions that are key

bitual learning strategies, glucocorticoid hormones modulate response

in memory formation such as the hippocampus.1 More slowly after

selection after stress exposure via MRs.5,6 Via GRs, glucocorticoid

stress exposure, the hypothalamus-pituitary-adrenal axis is acti-

hormones enhance memory consolidation.7-10 At the cellular level, GC

vated, which increases circulating levels of glucocorticoids (GCs). As

effects involve rapid changes in glutamatergic synaptic transmis-

a result of their lipophilic nature, GCs readily enter the brain where

sion, including enhanced neurotransmitter release and alterations in

they bind to high affinity mineralocorticoid receptors (MRs) and

AMPA and NMDA receptor mobility.11-14 More slowly, corticosterone
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enhances glutamatergic (AMPA and NMDA receptor-mediated) synap11,15-20

100 nmol L-1 corticosterone (CORT) (Sigma); (c) 1 μmol L-1 isoproter-

tic transmission, which underlies enhanced memory formation.

enol (ISO), an NE agonist (Sigma); or (d) both 100 nmol L-1 CORT and

In addition, various lines of evidence indicate that glucocorticoids

1 μmol L-1 isoproterenol. Neurons were then incubated at 37°C, 5%

also enhance spine formation, which are critical for learning and
memory.21-28

CO2 for either 20 minutes, followed by direct fixation (Experiment
1), or for 20 minutes, after which they were placed back in incu-

Importantly, glucocorticoids are particularly potent with respect to

bation medium for a remaining 160 minutes (Experiment 2), or for

enhancing memory formation when NE levels, acting via β-adrenergic

180 minutes (Experiment 5). In addition, neurons were exposed to

receptors, are also enhanced, both in humans and rodents.29,30 At the

the GR antagonist RU486 (500 nmol L-1, Sigma) for 1 hour prior to

cellular level, GCs and NE in concert regulate synaptic transmission by

the aforementioned treatments with either CORT, or CORT and ISO

enhancing the frequency of miniature excitatory postsynaptic currents

together (Experiment 3). Colocalisation between the spine heads

(mEPSCs) and synaptic plasticity.31-33 Whether and how GCs and NE

and the presynaptic marker Bassoon was assessed (Experiment 4).

interact to also regulate the number of spines remains elusive. The

After incubation, neurons were fixed for 15 minutes with 4% for-

present study therefore examined whether GCs and NE regulate the

maldehyde/4% sucrose in 0.1 mol L-1 phosphate-buffered saline,

number of spines, both alone, or in an additive mode.

and washed three times in phosphate buffer (PB) with intervals of
10 minutes. For Experiment 6, neurons underwent a hormone treatment similar to that employed in Experiment 2, and mEPSCs were

2 | M ATE R I A L S A N D M E TH O DS

recorded after 160 minutes.

2.1 | Rat hippocampal primary cultures

2.4 | Immunohistochemistry

Primary hippocampal cultures were prepared from Wistar rat brains
at embryonic day 18 ± 1, as described previously.16,17,34 Briefly, hip-

Neurons were incubated in GDB + Triton X-100 buffer (0.2% bovine

pocampi were dissected and homogenised, and cells were plated on

serum albumin, 0.8 mol L-1 NaCl, 30 mmol L-1 phosphate buffer, 0.6%

-1

12 mm coverslips coated with poly-d-lysine (0.5 mg mL ) at a den-

Triton X-100, pH 7.4) containing the primary antibody against the pr-

sity of 75 000 neurons/coverslip. Hippocampal cultures were grown

esynaptic protein bassoon (bassoon; Enzo Diagnostics, Farmingdale,

-1

in neurobasal medium supplemented with 2% B27, 0.5 mmol L

NY, USA; dilution 1:200; 1 mg mL-1) for 2 hours at room tempera-

GlutaMax (ThermoFisher, Waltham, MA, USA), penicillin/streptomy-

ture. After three washes in PB with 10-minute intervals in between,

cin, 5% foetal bovine serum (FBS) (plating medium) for the first day;

neurons were incubated with GDB + Triton X-100 buffer contain-

from the second day onwards, half of the medium was changed once

ing the secondary antibody Alexa Fluor goat-anti-mouse mA568

a week with culturing medium (plating medium without FBS), con-

(Invitrogen; dilution 1:400; 2 mg mL-1) for 2 hours at room tempera-

-1

taining 5-fluoro-2′-deoxyuridine (FUDR) 10 μmol L to inhibit glial

ture. Neurons were again washed three times in PB with 10-min-

growth. All reagents were obtained from Gibco Invitrogen (Carlsbad,

ute intervals before mounting using Vectashield mounting medium

CA, USA), except FUDR (Sigma). All experiments were carried out

(Vector Laboratories, Inc., Burlingame, CA, USA).

with permission of the local Animal Committee of the University of
Amsterdam.

2.5 | Image acquisition

2.2 | Lipofectamine transfection with GFP

Confocal images were obtained using an LSM 510 microscope (Carl

Days in vitro (DIV) 13-17 hippocampal neurons were transfected

tion settings at 1024 × 1024 pixels resolution. lsm software was used

using Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA) and a total

to generate Z series projections of approximately six to 10 images,

of 1 μg of plasmids, containing a 1:1 ratio of green fluorescent pro-

each averaged four times and taken at a fixed 0.4 μm depth interval.

tein (pGW1-GFP) and empty vector (pGW1). Lipofectamine-GFP-

For all images, the confocal settings were kept equal.

Zeiss, Oberkochen, Germany) with a 63× oil objective with acquisi-

empty vector mixture was incubated for 30 minutes before being
added to the neuronal cultures for 45 minutes at 37°C and 5% CO2.
Next, the neurons were washed and transferred back to their origi-

2.6 | Spine density

nal medium at 37°C, 5% CO2 for 24 hours.
In each condition, a minimum of three secondary dendrites of ten

2.3 | Experimental design and hormone treatment

different GFP transfected neurons were randomly chosen for quantification. For each neurone, a minimum total amount of 120 μm
of dendrite was analysed using

metamorph

image analysis software

After transfection, DIV 14-18 hippocampal neurons were sub-

(Universal Imaging Corporation, Bedford Hills, NY, USA). Single den-

jected to either: (a) vehicle (veh) (EtOH, concentration <0.01%), (b)

drites were selected at random, and protrusion width and length

|
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F I G U R E 1 Spine and filopodium
density after 20 minutes of hormone
treatment. A, Typical example of
protrusion measurements. The length
of the protrusion is measured from the
base to the top (1,3). Maximal protrusion
head width is measured from side to
side, parallel to the postsynaptic density
(2,4). The latter protrusion displays
colocalisation with bassoon. B, Time
schedule of the experiment. C, No
effects on spine density were present in
any of the treatments. D, No effects on
filopodium density were present in any
of the treatments. *P < 0.05. Data are
expressed as the mean ± SEM (n = 8-9
neurons/group). veh, vehicle; IHC,
immunohistochemistry
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a shift of <20% during the recording, were accepted for analysis.

isation with bassoon. The width/length ratio of the protrusion was

Data acquisition was performed with pclamp, version 8.2 (Molecular

used to classify protrusions into filopodia or spines. If the width/

Devices, Sunnyvale, CA, USA) and analysed offline with mini-analysis,

length ratio exceeded 0.5, the protrusion was classified as a spine,

version 6.0 (Synaptosoft Inc., Fort Lee, NJ, USA).

protrusions with a ratio below 0.5 were classified as filopodia.35

mEPSCs were recorded at a holding potential of −70 mV.16,17

In case the total length of the protrusion could not be adequately

Tetrodotoxin (0.25 µmol L-1; Latoxan, Portes lès Valence, France) and

measured or its length was over 5 μm, the protrusions were excluded

bicuculline methobromide (20 µmol L-1; Biomol, Hamburg, Germany)

from analysis. An investigator who was blind to the experimental

were added to the buffer to block action potential induced glutamate

conditions carried out the morphological analyses.

release and GABA-A receptor-mediated miniature inhibitory postsynaptic currents, respectively. During some recordings the non-NMDA

2.7 | Electrophysiology

receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione (10 mol L-1;
Tocris Bioscience, St Louis, MO, USA) was perfused to confirm that the
mEPSCs were indeed mediated by AMPA receptors. The events were

Coverslips with cells attached were placed in a recording chamber

identified as mEPSCs when the rise time was faster than the decay

mounted on an upright microscope (Axioskop 2FS Plus; Carl Zeiss),

time. mEPSCs were recorded for 3 minutes in each cell.

which were kept fully submerged with artificial cerebrospinal fluid
containing (in mmol L-1): 145 NaCl, 2.8 KCl, 1.0 MgCl2, 10 Hepes and
10 glucose (pH 7.4). Whole-cell patch-clamp recordings were made

2.8 | Statistical analysis

using an AXOPATCH 200 amplifier (Axon Instruments, Foster City,
CA, USA), with electrodes from borosilicate glass (1.5 mm outer di-

Statistical analysis was performed using spss, version 17.0 (SPSS Inc.,

ameter; Hilgerberg, Malsfeld, Germany). The electrodes were pulled

Chicago, IL, USA). All data are expressed as mean ± SEM. Outliers

on a Suttter micropipette puller. The pipette solution contained (in

were removed using Grubb's test. Between-group comparisons

mmol L-1): 120 Cs methane sulfonate; 17.5 CsCl, 10 Hepes, 5 BAPTA,

were carried out using a one-way ANOVA followed by a post-hoc

2 Mg-ATP, 0.5 Na-GTP and 10 QX-314 (pH 7.4), adjusted with CsOH;

Sidak test. P < 0.05 was considered statistically significantly.

pipette resistance was between 3 and 6 MΩ. Under visual control
(40× objective and 10× ocular magnification), the electrode was directed towards a neurone with positive pressure. Once sealed on the
cell membrane (resistance above 1 GΩ), the membrane patch under
the electrode was ruptured by gentle suction and the cell was kept
at a holding potential of −70 mV. The liquid junction potential caused

3 | R E S U LT S
3.1 | Experiment 1: Immediate (20 minutes) effects
of stress hormones on dendritic spine density

a shift of no more than 10 mV, which was compensated for during
the mEPSC recordings. Recordings with an uncompensated series

To investigate the immediate effects of CORT or the β-receptor ago-

resistance of <15 MΩ and <2.5 times of the pipette resistance with

nist ISO on the density of spines or filopodia, primary neurons were

4 of 8
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F I G U R E 2 Spine and filopodium
density after 3 h with 20 minutes of
hormone treatment. A, Time schedule
of the experiment. B, Spine density
was increased after CORT, ISO and
CORT + ISO treatment compared to
vehicle (veh). Co-administration of
CORT + ISO resulted in the highest
spine density. C, Filopodium density was
increased after ISO and CORT + ISO
treatment compared to vehicle.
Co-administration of CORT + ISO
resulted in the highest spine density.
*P < 0.05. Data are expressed as the
mean ± SEM (n = 8-10 neurons/group).
IHC, immunohistochemistry
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F I G U R E 3 Spine and filopodium
density after pre-treatment with
glucocorticoid receptor antagonist
RU486. A, Time schedule of the
experiment. B, Pre-treatment with RU486
did not affect spine density after CORT
treatment. Vehicle (veh) treatment did not
affect the previously observed increased
in spine density after CORT + ISO
compared to CORT treatment, although
it did block the additional effect that
CORT + ISO had on spine density. C,
Pre-treatment with RU486 decreased
the filopodium density after CORT + ISO
treatment. *P < 0.05. Data are expressed
as the mean ± SEM (n = 8-10 neurons/
group). IHC, immunohistochemistry

treated with these hormones for 20 minutes, after which protrusion

(P < 0.0001) (Figure 2B). Although ISO increased spine density

morphology and density were assessed (Figure 1A, B). No differ-

more than CORT alone (P = 0.0007), the combined ISO + CORT

ences were found for total spine or filopodium density immediately

treatment increased spine density even more (P = 0.007).

after 20 minutes of treatment (spines: F3,31 = 1.75, P = 0.18); filopodia: F3,31 = 2.07, P = 0.12; Figure 1C-D).

Filopodium density was not affected by CORT treatment alone
(F3,33 = 21.10, P < 0.0001, post-hoc: P = 0.17), although it was
increased by ISO (P < 0.0001) and by CORT + ISO (P < 0.0001)
(Figure 2C). CORT also did not further increase the filopodium

3.2 | Experiment 2: Later (180 minutes) effects of
brief exposure to stress hormones on dendritic
spine density

density following CORT + ISO compared to ISO treatment alone

Because the effects of the hormone treatment on spine density may

3.3 | Experiment 3: Role of GR in CORT and ISO
mediated spine density

require time to arise, we next investigated effects of 20 minutes

(P = 0.41).

of hormone treatment on spine density after a 3-hour follow-up
(Figure 2A). Spine density was increased after CORT (F3,33 = 47.71,

The GR antagonist RU486 was used to investigate whether the

P < 0.0001, post-hoc: P = 0.01), ISO (P < 0.0001) and ISO + CORT

CORT and ISO mediated effects on spine and filopodium density

|
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F I G U R E 5 Spine and filopodium density after 3 hours of hormone treatment. A, Time schedule of the experiment. B, Spine density was
increased after ISO and CORT + ISO treatment compared to vehicle (veh). C, Filopodium density was increased after ISO and CORT + ISO
treatment compared to vehicle. D, Colocalisation of protrusions with bassoon. There was an increase in the protrusion heads that colocalised
with bassoon after ISO and CORT + ISO treatment. *P < 0.05. Data are expressed as the mean ± SEM (n = 8-10 neurons/group). IHC,
immunohistochemistry

are mediated via the GR (Figure 3A). RU486 pre-exposure before

with bassoon between any of the treatment groups (F3,30 = 2.09,

CORT treatment did not affect spine or filopodium density (spines:

P = 0.12) (Figure 4A). Interestingly, 3 hours after the 20 minutes of

F3,34 = 15.36, P < 0.0001, veh-CORT vs RU486-CORT: P = 0.75; filo-

hormone treatment, the CORT + ISO protrusions showed higher co-

podia: F3,35 = 5.13, P = 0.005, veh-CORT vs RU486-CORT: P = 0.66)

localisation with bassoon than vehicle-treated neurons (F3,32 = 4.43,

(Figure 3B,C). Yet, pre-exposure to RU486 completely blocked the

P = 0.01, post-hoc: P = 0.007) (Figure 4B).

enhancing effects of combined CORT + ISO treatment on spine
(P < 0.0001) and filopodium density (P = 0.006).

3.4 | Experiment 4: Synaptic integration of
protrusions

3.5 | Experiment 5: Effects of long-term
(180 minutes) exposure to stress hormones on
dendritic spine density
Because prolonged treatment with CORT may negatively affect

The functional integration of protrusions was assessed by the

spine number, we also investigated whether longer, 180 min-

density of colocalised protrusion heads with the presynaptic pro-

utes, treatment with CORT and ISO affected spine formation

tein bassoon.36 Twenty minutes after hormone treatment, there

(Figure 5A). Spine density was increased after ISO (F3,36 = 6.28,

was no difference in the density of colocalised protrusion heads

P < 0.01, post-hoc: P = 0.01) and ISO + CORT (P < 0.01) (Figure 5B).

6 of 8
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F I G U R E 6 Miniature excitatory postsynaptic currents (mEPSCs) after 3 h with 20 minutes of hormone treatment. A, Time schedule
of the experiment. B, mEPSC amplitude was increased after CORT, ISO and CORT + ISO treatment compared to vehicle (veh). C, mEPSC
frequency was not affected by any of the treatments. D, The decay time of the mEPSCs was not affected by any of the treatments.
*P < 0.05. Data are expressed as the mean ± SEM (n = 11-24 neurons/group)
Likewise, filopodium density was affected after ISO (F3,36 = 6.11,

and ISO are administered together. Interestingly, this effect of co-

P<0.01, post-hoc: P < 0.01) and ISO + CORT (P < 0.01) (Figure 5C).

application is prevented by blocking the GR with the GR antagonist

Three hours after the 180 minutes treatment, the CORT + ISO and

RU486. These results suggest that both CORT and β-adrenergic

ISO-treated protrusions showed higher co-localisation with bas-

receptor activation increase spine density, and that they exert ad-

soon than vehicle-treated neurons (F3,36 = 4.80, P = 0.01, post-hoc:

ditive effects that require GR activation. Although CORT and ISO

P < 0.05 and P < 0.01, respectively) (Figure 5B). We conclude that

did increase the amplitude of mEPSCs, we did not observe an ad-

prolonged treatment with ISO + CORT or CORT alone does not

ditive effect of these hormones on mEPSC amplitude.

negatively affect spine number, and also that ISO + CORT treatment enhances spine density.

Various lines of evidence indicate that corticosteroid hormones
increase (learning-evoked) spine formation and spine stabilisation. 21-28 In line with these findings, we report that CORT increases

3.6 | Experiment 6: Functional consequences of
hormone treatment

hippocampal spine number in primary cultures. We further report
that activation of β-adrenergic receptors, using the β-adrenergic receptor agonist ISO, also enhances spine number. Both effects required time, which may suggest that protein synthesis is required.31

To assess the functional consequences of enhanced spine density

Interestingly, combined administration of CORT and ISO further

and synaptic integration, we next measured mEPSCs of primary neu-

increased the number of spines, which was dependent on GR acti-

rons 3 hours after 20 minutes of hormone treatment (Figure 6A).

vation because the GR antagonist RU486 prevented this effect. At

The mEPSC amplitude was increased following both CORT, ISO

present, it still remains unknown why the effects of CORT on spines

and CORT + ISO (F3,59 = 4.98, P = 0.004, post-hoc veh-CORT:

were not prevented by RU486. One of the possibilities is that MRs

P = 0.018; veh-ISO: P = 0.029; veh-CORT + ISO: P = 0.04) (Figure 6B).

might (also) be involved in spine formation. 28

There was no effect of any hormone treatment on the frequency

At 3 hours after co-administration, the number of spines that

(F3,57 = 2.51, P = 0.07) (Figure 6C) or the decay time (F3,59 = 1.78,

colocalised with the presynaptic marker bassoon was increased.

P = 0.16) (Figure 6D) of the mEPSCs.

To examine the possible functional consequences in more detail,
mEPSCs were recorded after administration of CORT and/or ISO.

4 | D I S CU S S I O N

Both CORT and ISO increased the amplitude of mEPSCs and enhanced synaptic potentiation. Such effects may be linked to increased trafficking and retention of synaptic AMPARs.11,15-17,37-40

In the present study, we examined whether CORT and β-adrenergic

Yet, we found that, 160 minutes after combined CORT and ISO

receptor activation, alone and in concert, regulate spine density.

administration, mEPSC frequency and amplitude were not fur-

We report that both CORT and the β-adrenergic receptor agonist

ther increased compared to the administration of the drugs alone.

ISO increase spine density, an effect that is increased when CORT

These findings suggest that the increase in spine number after

|
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co-administration of ISO and CORT leaves synaptic transmission
unaffected at 3 hours. Earlier studies have shown that combined
administration of ISO and CORT within minutes increases synaptic transmission by enhancing mEPSC frequency 32 and long-term
potentiation. 33 Although we observed increases in spine density
after 3 hours but not after 20 minutes of co-application, this is not
reflected in the mEPSC amplitude. Although we observed a moderate increase in bassoon colocalisation at 3 hours after co-administration, the proper functional integration of new spines into the
network after exposure to GCs and ISO may require more time.
Alternatively, the increase in spines may prepare the capacity of
the network for synaptic plasticity.
The formation of presynaptic boutons and the initiation of synaptogenesis, resulting in the formation of spines and their functional
integration into the network, is a highly dynamic process, displaying
vast ranges of changes in shape over short time.41 Thus, to investigate the stability of our observed changes and their full functional
integration, it will be important to investigate in more detail the generation and retraction of spines after combined exposure over longer periods of time. 21,28
In conclusion, behavioural studies indicate that glucocorticoids
and NE together promote memory retention, both in rodents29 and
humans.30 The results of the present study indicate that these modulators, in an additive fashion, also regulate spine number, although,
at the currently examined time points, synaptic transmission was not
altered when compared to single administration . It will be important to investigate whether these effects of CORT and ISO on spine
number are necessary for their effects on memory consolidation.42
Moreover, because prolonged exposure to GCs reduces spine formation,42 it will be important to understand mechanisms that underlie the transition from increased to reduced spinogenesis.
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